address upper limb use and perceived difficulty of performing ADLs requiring one or both arms. A review on upper limb measures applied in MS rehabilitation context documented that the NHPT was by far the most frequent measure, utilized in 63% of published studies. 5 As such, the NHPT is widely considered a gold standard metric for manual dexterity. Besides the NHPT, other manual dexterity assessment tools such as the Purdue Pegboard test, 6 the Box and Block test, 7 and Coin Rotation Test 8 are less frequently used, and only limited studies have addressed their psychometric properties in MS patients. 5 The NHPT was originally introduced by Kellor et al. 9 in 1971 as a measure of dexterity, in an official publication of the American Society for Occupational Therapy. The report provided approximate dimensions of the material and general procedures of administration. In 1985, Mathiowetz et al. 10 provided detailed test instructions and adult normative values according to hand, sex, and age. As well, reliability and correlation with the Purdue Pegboard was reported in healthy subjects. The NHPT was introduced to the MS community by Goodkin et al. 11 in 1988. In 1997, the National MS Society's Clinical Outcomes Assessment Task Force recommended the use of the NHPT as an upper limb outcome measure in MS. 12, 13 In 1999, Cutter et al. 14 
Review objective
The NHPT was selected for this review based on the widespread adoption and extensive data available for this capacity measure in MS research. The literature cited derives from a systematic review conducted through the MS Outcome Assessments Consortium (MSOAC). MSOAC's mission to develop a clinical outcome assessment tool for clinical trials to better capture MS-related disability was born out of a consensus paper by the International Advisory Committee on Clinical Trials in Multiple Sclerosis. 15 MSOAC includes representatives from the National MS Society as well as 6 other MS advocacy organizations, Food and Drug Administration (FDA), European Medicines Agency (EMA), National Institute of Neurological Disorders and Stroke (NINDS), 21 academic institutions, and 9 industry partners. The goals are acceptance and qualification by regulators of performance outcomes that reflect core MS impairments, and that are highly reliable and valid, practical, cost-effective, and meaningful to MS patients. This review benefitted from a formal MSOAC-sponsored literature search, conducted in Embase, Medline, PsychInfo, and Cumulative Index of Nursing and Allied Health Literature, followed by an enrichment technique (key papers identified by MSOAC members added and informed search criteria) including work identified from prior reviews. Like the companion reviews of the Symbol Digit Modalities Test, Timed 25-Foot Walk, and Low Contrast Letter Acuity, we describe the NHPT in detail, and then cover its psychometric validity, concluding with an appraisal of the clinical meaningfulness of the measure.
Description of the test
The NHPT requires participants to repeatedly place and then remove nine pegs into nine holes, one at a time, as quickly as possible. Roughly, 53% of the variance in the NHPT score is explained by muscle strength, tactile sensitivity of the thumb, and presence of intention tremor. 16 Over the years, the original instructions for the NHPT described by Kellor et al. 9 and Mathiowetz et al. 10 have been further refined with additional specifications. In 2001, the NHPT was included in a MSFC manual was released by the National MS Society's Clinical Outcomes Assessment Task Force. The manual, which can be downloaded from http://www. nationalmssociety.org, includes our recommended administration instructions, the placement of the NHPT apparatus compared to the tested hand, and frequently asked questions and answers documenting how to handle different situations a tester may face such as a peg ending up on the table or floor.
Different versions of the NHPT apparatus are available ( Figure 1 ) 9,10 varying in the type of material, dimension of the surrounding surface and the shape of the container, but not the size of the holes or pegs, nor the distances between the holes. Importantly, as reported by Oxford et al., 17 the performance times on the original wooden square version described by Mathiowetz et al. 10 and the plastic commercially available version (Smith & Nephew) as illustrated in Figure 1 are not significantly different. The latter plastic version seems the most frequently used and is recommended for maximal standardization.
The time needed to complete the NHPT in seconds is the most frequently reported metric in the literature. Recently, some studies have reported the number of pegs per second (pegs/s) instead of the seconds needed to complete the test. 3, 16, 18 The pegs/s is calculated based on nine pegs placed compared to the time needed to complete the test. In case the person is not able the complete the test, the pegs/s is calculated using the number of pegs placed compared to the time limit of 300 seconds. The calculation of pegs/s has the advantage of avoiding floor effects in people with severe upper limb dysfunction. Furthermore, it allows for a more normal distribution of the data, having advantages for statistical analysis. Four trials are conducted (two trials for each hand).
The MSFC manual recommends that the two trials for each hand be averaged, converted to the reciprocals of the mean times for each hand, and then the two reciprocals are averaged. The Z-score is obtained by subtracting the mean of the reference population from the test result and then dividing by the standard deviation (SD) of the reference population. While the latter calculation procedure provides a single score for manual dexterity, and its meaning is difficult to understand because it does not indicate potential asymmetry that may occur between hands, or which hand is most affected. Another argument for reporting results separately for each hand is the fact that normative data revealed significantly different performance scores, with the dominant hand task completed more quickly than the non-dominant hand. 10 Inconsistency in the reporting NHPT scores makes it difficult to compare results across studies, and we suggest that the average time to complete the task be reported for both the dominant and non-dominant hands separately.
Psychometric validity

Reliability
The reliability of the NHPT has been investigated in five studies including 255 MS patients, and results are displayed in Table 1 . The inter-rater and test-retest reliability of the NHPT are consistently high (range, r = 0.86-0.98), independent of whether repeated testing was performed within one session or on different test days. Reliability coefficients are also high across a wide range of disability levels, spanning normal to grossly abnormal hand function.
Reliability may be influenced by learning effects with repeated administrations of any neuroperformance test. In the case of the NHPT, one study, Solari et al., 23 found significant practice effects and recommended that the NHPT be administered five times (four times pre-baseline) to attenuate these practice effects. However, the study did not report on reliability between first and last measures. One may question whether such practice is needed in routine clinical care, given our impression that the NHPT is frequently used in not only research, but also MS clinical centers such that most patients are regularly exposed to the test. Increasing test time with four pre-baseline tests for each hand may be mentally and physically fatiguing and too time-consuming in routine clinical practice, so only indicated for naïve subjects.
Discriminative validity
Normative data according to hand dominance, sex, and age have been provided for the original wooden version and commercial plastic NHPT devices. 10, 17 Based on these, one can differentiate persons with normal hand function versus minimal hand dysfunction. Studies have shown that the NHPT discriminates manual dexterity in MS patients from healthy controls at a highly significant level (p < 0.05). 24, 25 Based on cross-sectional work, a number of research groups have recommended cut scores to identify levels of impairment on the NHPT ( recommended 18 seconds as an appropriate threshold to discriminate normal versus abnormal hand function. Johansson et al. 26 considered the NHPT score in MS patients abnormal when the NHPT score was higher than the age-and sex-related normative value + 1 SD. Kierkegaard et al. 18 suggested a flat cut-off value of 0.5 pegs/s corresponding to 18 seconds performed with the right hand as an indicator of normal functioning which could be used to identify people with MS at risk for activity limitations and participation restrictions. This cut-off value was calculated on the basis of the statistical risk for dependency on the activity and participation level as indicated on the Frenchay Activities Index, 27 and the Katz 28 personal and instrumental ADL. One must note, however, that these outcome measures are also influenced by a person's walking ability, the ability to perform a transfer, and cognitive function. Bertoni et al. 3 applied a more conservative cut-off score of >1.95 SD of the norms, in order to avoid misclassifying hands as showing reduced manual dexterity. Lamers et al. 16 recommended cut-off score for differentiating persons with mild versus marked to severe upper limb dysfunction being 0.27 pegs/s corresponding to 33.3 seconds. This cut-off value was arbitrary defined based on the median NHPT score of a large MS sample (n = 105). Almost all persons with MS with a score below 33.3 seconds performed maximally on the Action Research Arm Test (ARAT), which includes lifting and manipulating objects using different hand grips as well as gross movements. Persons with MS with NHPT scores above 33.3 seconds did not reach maximal scores on the ARAT indicating more severe global hand and upper limb dysfunction. Further validation of the arbitrary cut-off score by comparison to external anchors is needed (Table 2) .
Criterion and ecological validity
Many studies investigating validity of upper limb function tests in MS have selected the NHPT as the gold standard or reference value. As shown in Table 3 , correlation coefficients between the NHPT and other capacity measures for hand and total upper limb function such as the Purdue Pegboard test, 30 Box and Block test, 11, 30 and the ARAT 16 exceeded 0.40 indicating moderate associations. Importantly, the highest correlation coefficients were found with the modified Jebsen Taylor Hand function test 19, 29 (range, r = 0.86-0.88) and the TEMPA 29 (range, r = −0.79 to −0.90 and 0.81-0.90) both of which assess the ability to perform functional ADL-like tasks requiring fine and gross manual dexterity during unilateral and bimanual tasks. These findings support not only the criterion validity of the NHPT, but also its ecological validity, as the score is robustly correlated with the manual manipulation of everyday use objects ranging from coins, playing cards, bins, pitchers, and glasses, all requiring hand and pinch grips and other upper limb movements.
Studies investigating the relationship between NHPT and patient-reported outcomes reveal a range of correlation coefficients (range, r = −0.37 to −0.79). 16, 25, 30, 31 The correlation was the lowest with the ABILHAND 30 (r = −0.37), which may be related to the fact that this patient-reported outcome includes only bimanual activities, while the NHPT is performed unilaterally. Correlations with the manual ability measure (MAM-36) 16 and motor activity log (MAL) 25 were higher (range, r = −0.56 to −0.79 and 0.66, respectively), probably because the MAM-36 includes unilateral items and the MAL includes questions about unilateral use of the upper limb. In fact, the NHPT explained 44% of the variance in the MAM-36, which evaluates the perceived ease or difficulty that MS patients may have experienced when performing 36 common ADL tasks. 16 The NHPT of the most impaired upper limb explained 55% of the variance in the MAL, reflecting the quantity and quality of upper limb use during ADL tasks. 25 These findings confirm the high ecological validity of the NHPT from a patient's perspective.
The relationship between the NHPT and actual upper limb performance measured with accelerometers was investigated in one study. 25 This relationship may provide us information on whether the NHPT score reflects the actual upper limb performance of a MS patient in daily life. Lamers et al. 25 reported that the correlation coefficient between the two measures was high (r = −0.66) for the non-dominant hand but nonsignificant for the dominant hand (r = 0.04). NHPT was not a retained variable in the regression models predicting the variance in the accelerometers. Future research is needed to replicate these findings and to improve the understanding of how upper extremity accelerometers reflect daily function, and consensus on which extracted parameters are most relevant.
Finally, it is noteworthy that the NHPT showed high correlations (range = 0.71-0.81) with the activity and ADL-dependency measures Frenchay Activities index and the Katz ADL indexes 18 in spite of the fact that both are heavily weighted toward mobility.
Responsiveness and clinical relevance of the NHPT As evident in Table 4 , two studies calculated areas under the receiver operating characteristic curves (AUC) in comparison with anchors from clinician and patients perspectives. Overall, the NHPT can be considered as a responsive measure detecting progression with AUC ranging from 0.49 to 0.97. Remarkably, the reported AUC values of the NHPT are greater when relating to changes in activity and ADL measures 18 (Frenchay Activities Index 27 and Katz ADL index 28 ) as external anchors compared to Global Rating Scales (GRSs) 33 for disability and the EDSS. 34, 35 To differentiate between normal versus abnormal hand function 18 seconds 24 To differentiate between normal versus abnormal hand function 0.5 pegs/s or corresponding 18 seconds (right hand) 18 Indicator of normal functioning which could be used to identify MS patient at risk for activity limitation and participation restrictions 0.27 pegs/s or corresponding 33.3 seconds 16 To differentiate between mild and marked to severe hand dysfunction SD: standard deviation. 44 Mean age: 42. Some studies addressed the magnitude of clinically meaningful change that can be used for the interpretation of changes in the NHPT. By applying distribution-based statistical methods, De Groot et al. 32 reported a smallest real change (SRC) at an individual/group level of 5.32/0.53 seconds (anchor EDSS) and 2.82/0.55 seconds (anchor GRS).
Previous studies [36] [37] [38] [39] [40] have reported that 15%-20% change in the NHPT corresponds to predefined clinical meaningful changes in the EDSS, Guys Neurological Rating Scale (GNRS), MS-Impact Scale (MSIS), and global disability ratings. This change criterion, with a varying absolute change value of the NHPT corresponding to 15%-20% of the baseline value, appears robust in multiple longitudinal studies differentiating MS patients that improved or progressed versus patients remaining stable. One may question to what extent the NHPT score contributes to detection of overall progression in comparison to other related parameters, such as gait function. In this framework, the study of Kragt et al. 38 showed that the NHPT explained more variance than the T25FW on domains of sexual dysfunction, upper limb disability, fatigue, and mood measured by the GNRS. Similar results were found in the International MS Secondary Progressive Avonex Controlled Trial (IMPACT) trial reported by Cohen et al. 41 They found that the MSFC worsening was reduced by 40.4% after 2 years of interferon β-1a therapy compared to placebo in people with secondary progressive MS with the NHPT being the only MSFC metric showing a statistically significant benefit.
The above-mentioned studies on responsiveness and change were all based on longitudinal data over 2 years or more, and focused predominantly on detection of progression. Only a few studies reported on the sensitivity of the NHPT to detect response to treatment over a shorter period. Pascual et al. 42 showed that the NHPT was the most sensitive MSFC test to the effects of high-dose oral methylprednisolone. Savin et al. 43 reported that the NHPT and ABILHAND showed very similar sensitivity to improvements after Fampyra-PR, both in terms of the number of responders (33%) and the magnitude of response (reported as 12%-16%, slightly lower that the 15%-20% difference thought to be clinically meaningful).
These studies show that the NHPT is responsive, relates to real-life anchors, and can be used to form responder definitions based on a clinically meaningful change. Further work on the latter point is needed, with application of similar responder definitions of other upper extremity function metrics, as was done before in the area of ambulation. 44 
Conclusion and future directions
The NHPT is recommended as a gold standard test for measuring manual dexterity in MS patients, and it can be used as reference value to investigate validity of other, newly developed upper limb outcome measures. This review illustrates the clinical utility of the NHPT and its excellent psychometric properties regarding reliability, discriminant, concurrent, and ecological validity. The NHPT detects progression over time, and it is sensitive to treatment. As such, it is recommended for inclusion in clinical trials. The NHPT is correlated with other disability measures and patient-reported outcomes focusing on upper limb function.
From a practical perspective, the NHPT is easy to administer and acceptable to patients. To further facilitate electronic recording and potentially gain more insight concerning the quality of hand performance during the test instead of only a time score, current developments in technology-supported upper limb assessment tools may in the future supplement this clinical measure when the focus is on hand dysfunction. To date, promising results have been published for the MS performance test (MSPT) 45 and the virtual peg insertion test (VPIT). 46, 47 The MSPT test consists of a computer-assisted assessment of tasks analogous to the T25FW, NHPT, Symbol Digit Modalities Test (SDMT), and a measure of visual acuity, using a tablet and some technical additions such as audio-visual instructions and a recording device. The time scores on the instrumented NHPT are highly reproducible in MS patients (r > 0.9) and discriminate between MS patients and controls as well as the current technician-based version. The VPIT is performed with a small haptic robot and mimics the real dimensions and resistance of the NHPT device. It provides kinematic and dynamic parameters related to the movement trajectories, the interaction force with the virtual environment, and grasping force. 46, 47 A high correlation (r = 0.66) was observed between the NHPT and the VPIT. Further validation work is needed to understand to which extent automated, computer-assisted test can better reflect upper limb function in future.
In whatever format, the NHPT is the optimal metric for measuring the impact of MS on upper extremity function. The majority of research suggests that a 20% change in test score is commonly used to define clinically meaningful worsening; evidence is needed to support this definition in other versions of the NHPT and at all stages of the disease.
